The proton beam writing (PBW) technique was used to fabricate microfluidic structures in SU-8 resist. A network of the buried channels was fabricated as part of a project to develop functional microfluidic device for neuronal studies and self-powered microfluidics. Protons with energies between 2.5 MeV and 0.75 MeV were used to fabricate the buried channels with a minimum feature size of around 1 lm and depths of 40-55 lm. Roughness of channels sidewalls was around 2.5 nm rms. Exposure regime and examples of functional networks fabricated using PBW are described. COMSOL Multiphysics Ò software was used to model the flow characteristics of fluid in the SU-8 microchannels structured by PBW. The results obtained using PBW are compared with the structures fabricated by UV-lithography.
Introduction
There is a growing interest in use of microfluidics in biochemistry, medical research, tissue engineering and other applications. It was shown that microfluidic-based systems have a great potential in application for single-cell analysis [1, 2] and instant analyses or so called point-of-care (POC) diagnostics [3] [4] [5] . In this respect, microfluidics systems provide conditions that are comparable to in vivo conditions [1] . However, to recreate physiologically viable patterns of fluid velocities, microfluidic systems require precise control of fluid flow. Microchannel geometry and surface texture are considered as the crucial factors in determining fluid flow through microchannels. These factors mainly depend on microfabrication techniques and fabrication processes of the microchannels [2] [3] [4] .
The rapid growth of microfluidic-based single-cell analysis techniques requires a reliable and flexible microfabrication method, which allows producing of micro-features that meet different needs. Fast evaporation of fluid (e.g., biological media, chemical reagents) in the microchannels may cause premature cell death especially in long-term culture assays [5] . To reduce the risk of culture medium evaporation, encapsulation of microchannels is considered an essential requirement. A microfluidic device with a high aspect ratio (HAR) provides a suitable environment for cell growth, as claimed by Hung et al. [6] . Therefore, production of three-dimensional high aspect ratio microchannels with straight and smooth walls is in high demand.
In contrast to the current microfabrication technologies [7] [8] [9] [10] , proton beam writing (PBW) is a direct writing technique that allows its use in fabrication three-dimensional microstructures with vertical walls under full control over aspect ratio and surface texture [7, 11, 12] . In comparison to the mask-based techniques [13] , PBW is a more flexible and quicker microfabrication process that produces defect-free structures [14] .
To date, PBW has successfully been used in the fabrication of microfluidics devices [11, 12, 15] . However, only a small number of studies have used this technique to produce 3D microfluidicbased devices adapted for the single cell analysis [16, 17] .
In this study, we present the development of Neuron Cell Arrays microfluidics (NCAs) and a microfluidic capillary micro-pump (CMP). The former is to be used for studying the electrical activity patterns in an artificial neural network while the latter is an example of a self-powered microfluidics device. Both microfluidics devices were fabricated in SU-8 photoresist using PBW technique. SU-8 photoresist has excellent mechanical and biocompatibility properties that allow its use in fabrication of the HAR microfluidics for cell study. We developed and successfully deployed a beam scanning algorithm to enhance quality of the fabricated microstructures. In addition, simple numerical simulation models using COMSOL multiphysics were used to characterise the fluid flow pattern in NCAs and CMP microfluidics. 
Experimental methods

Three-dimensional microchannels by PBW
The microfluidics NCAs and CMP were fabricated by using PBW technology at Surrey Ion Beam Centre, University of Surrey. The enclosed channels were structured in 40 lm thick SU-8 3000 photoresist (MicroChem Corp.) using proton beams with energies of 2.5 MeV and 0.75 MeV according to the SRIM [18] and following earlier experiments [19] . SU-8 3000 photoresist was chosen as it is better suited to form the thick polymeric films on glass substrates and it exhibits better adhesion and reduced coating stress than commonly used SU-8 2000 photoresist [20] . The NCAs and CMP structures were irradiated with doses ranging from 20 to 30 nC/ mm 2 . The beam current and irradiation doses were determined using RBS detector.
Scanning strategy
Scanning of the proton beam was performed using a magnetic scanning system (OM-25, Oxford Microbeams). We have observed that abrupt changes in the beam scanning directions in some parts of the NCAs outline (e.g., microcompartments edges) generate inductive transients in the scanning system. This appears as some geometrical artefacts in the developed microstructures due to over-or under-shoot of the beam in these areas. Scanning with slower speed can reduce extend of the distortions but will require a longer exposure time. To keep an exposure time to the possible minimum and to reduce the magnetic scanning hysteresis issues the beam should be steered in a parallel path to the channels' outline.
In this study we have assessed two scanning methods, the Ionscan code [21] based on the ''turtle'' algorithm and the Edge Followed Algorithm (EFA), [22, 23] developed in our group. The Ionscan capabilities are limited to an outlining of the basic shapes like circles, rectangles, or squares. Complex structures such as NCAs or CMP thus have to be built from combinations of these simple shapes in a time-consuming process.
The EFA represents a new, alternative, fast and simple scanning method. With this algorithm, it is possible to scan any arbitrary or complex pattern with minimal artefacts, requiring merely a 1-bit bitmap (BMP) file as input. EFA drives the beam in a path that is always parallel to the outline of the NCA pattern (Fig. 1) . We are currently implementing an electrostatic scanning system which should further alleviate the hysteresis problems and reduce the exposure time.
Results and discussion
PBW of three-dimensional NCAs devices
Three-dimensional NCAs devices were fabricated in SU-8 3000 photoresist of 40 lm thickness. The array of 16 micro-wells was aligned over pre-defined gold electrodes sites (Fig. 2) . The dimensions of the micro-wells were about 20 Â 20 lm wide and 40 lm high. The micro-wells were connected by buried microchannels with dimension of 5 lm wide. Gold electrodes are used to provide an electric field to exert a dielectrophoresis (DEP) force [24] on the cells to be localised inside the micro-wells. These electrodes also serve as probes to sense the action potential produced as a consequence of connection between neighbouring neurons [13] .
The straightness of the wall and surface rms roughness in the NCAs channels was measured using ImageJ software [25] and found to be about 89.5°and 2.5 nm respectively (Fig. 3a and b) . The buried channels in NCAs structure (Fig. 4) provide a link and guide for neurite growth in between single neurons that are isolated in the micro-wells. One of the major threats for cells at the micro-level is fast evaporation of the biological medium. Various techniques have been suggested to resolve this issue e.g., capping using a thermal bonding [12] or gluing of a covering layer [26] . However, these procedures often lead to a reduced functionality of the microfluidic device due to e.g., clogging of the channel or change of the channel's geometry.
By using PBW technique, the enclosed channel was fabricated in a single layer of resist in the course of two subsequent exposures. The numerical simulation of the fluid flow in this geometry shows that the fluid velocity profile was uniform along the microchannel (Fig. 5) . This parabolic profile of fluid flow in the rectangular channel is critical to guarantee uniform distribution of the chemicals in a biological analysis. The micro-wells fabricated by UV-lithography feature the negative slope walls that can create areas with the high electric field regions at the bottom edges of the micro-well (Fig. 6a) [13] . This in turn can cause an excessive cell death during dielectrophoresis (DEP) cell positioning, due to membrane rupture resulting from electroporation [27] . Contrary, the electric field gradient in the micro-well patterned by PBW is distributed evenly (Fig. 6b) as it was determined using analysis with COMSOL Multiphysics Ò . The more uniform distribution of the electric field in proximity to the electrode site would expectedly contribute to a reduction in cell death rate.
Capillary micro-pump (CMP)
Capillary-based microfluidic systems are used in many bio-analytical applications to provide transport of the molecules and cells or to precisely control a delivery of reagents and drugs. A passive pump system with no moving parts is considered to be a preferred choice for these applications particularly for single-use devices [28, 29] . The pumping efficiency of these devices can be controlled by the shapes and size of microstructures in the capillary pumps [30, 31] . Here we present a prototype of a polymer capillary micropump (CMP) fabricated using PBW (Fig. 7) . CMP consists of a set of cylindrical micropillars that are 55 lm in height and 5-36 lm in diameter. This arrangement creates different sizes of microchannels, which tunes the pressure throughout the CMP. Fluid flow rate is a function of pressure and fluid resistance. These two factors in turn are functions of the microchannel geometry and surface tension [32] .
The process of fluid propagation and pumping in the CMP was modelled numerically using COMSOL Multiphysics Ò . In Fig. 8(a-c) shows the fluid propagating from the inlet to the outlet forming L-shaped front filling sequentially each row of the micropillars. This causes a delay in filling each subsequent row, which in turn reduces the chance of air being trapped in between cylindrical pillars. According to the numerical calculation, this particular CMP can deliver a power of about 3.2 Â 10 À2 W, Fig. 8d . The pumping power can be expressed as follows: P ¼ Dp:Q where Dp and Q are the pressure drop across the CMP, and the fluid flow rate respectively. Besides being effective in pumping fluid, cylindrical pillars are also easy to design and fabricate.
Fluid flow in CMP was observed experimentally and recorded as time series of optical micrographs (Fig. 9) . The liquid spreads along the edges of the pump and is then drawn to the next space between the micropillars rows. The filling front moves consistently along the main axis of the pump in good agreement with the numerical simulations. The surface of CMP was treated using Oxygen plasma (Plasma Asher Emitech K1050X) at a power of 75% for 5 min. As a result, surface wettability increased by reducing the fluid contact angle [33] . 
Conclusions
Proton beam writing technique was used on SU-8 photoresist to fabricate three-dimensional (3D) microstructures of Neuron Cell Array for single-neuron study and capillary micropump as selfpowered microfluidics. The sidewalls of the 3D-NCAs had a great degree of straightness and a smooth surface. Primary results of computer simulations indicated that these structural improvements have the potential to provide a safe and efficient microenvironment for creating a neural network. The new scanning method (EFA) used in the present work enabled us to improve the quality of NCAs and CMP structures and provided more flexibility in designing the complex structures.
